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Abstract 
Gold, Au nanoparticles were deposited on ZnO, Al2O3, and Ga2O3 via colloidal method in order to investigate the 
role of support for CO2 hydrogenation to methanol. Au/ZnO was also produced using impregnation method to in-
vestigate the effect of colloidal method to improve methanol selectivity. Au/ZnO produced via sol immobilization 
showed high selectivity towards methanol meanwhile impregnation method produced Au/ZnO catalyst with high 
selectivity towards CO. The CO2 conversion was also influenced by the amount of Au weight loading. Au nanopar-
ticles with average diameter of 3.5 nm exhibited 4% of CO2 conversion with 72% of methanol selectivity at 250 °C 
and 20 bar. The formation of AuZn alloy was identified as active sites for selective CO2 hydrogenation to methanol. 
Segregation of Zn from ZnO to form AuZn alloy increased the number of surface oxygen vacancy for CO2 adsorp-
tion to form formate intermediates. The formate was stabilized on AuZn alloy for further hydrogenation to form 
methanol.  The use of Al2O3 and Ga2O3 inhibited the formation of Au alloy, and therefore reduced methanol produc-
tion. Au/Al2O3 showed 77% selectivity to methane, meanwhile Au/Ga2O3 produced 100% selectivity towards CO. 
 
Copyright © 2021 by Authors, Published by BCREC Group. This is an open access article under the CC BY-SA   
License (https://creativecommons.org/licenses/by-sa/4.0). 
 
Keywords: Au nanoparticles; ZnO catalyst; CO2 hydrogenation; methanol 
 
How to Cite: Bahruji, H., Almalki, M., Abdullah, N. (2021). Highly Selective Au/ZnO via Colloidal Deposition for 
CO2 Hydrogenation to Methanol: Evidence of AuZn Role. Bulletin of Chemical Reaction Engineering & Catalysis, 
16(1), 44-51 (doi:10.9767/bcrec.16.1.9375.44-51) 
 
Permalink/DOI: https://doi.org/10.9767/bcrec.16.1.9375.44-51 
bcrec_9375_2021 Copyright © 2021, ISSN 1978-2993; CODEN: BCRECO 
Available online at BCREC website: https://bcrec.id 
Research Article 
1.  Introduction 
Methanol production is growing rapidly to 
sustain industrial demand, for example as start-
ing material in biodiesel and fuel productions, 
also as solvent in pharmaceutical and cosmetic 
industries. Methanol has also been recognized 
as potential clean energy carrier in comparison 
to hydrogen and natural gas mainly due to the 
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nature of methanol as liquid fuel, which is con-
venient during transportation and storage [1]. 
Methanol is currently produced via hydrogena-
tion of synthetic gas (CO + H2) on Cu/ZnO/Al2O3 
catalysts,  with the addition of CO2 to increase 
the productivity [2]. Synthetic gas was originat-
ed from reforming of natural gas with water at 
high temperatures to form a mixture of CO and 
H2 [3]. The concern associated with the sustain-
ability of natural gas has prompted investiga-
tion to find alternative carbon feedstock for 
methanol production.  
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Investigation on methanol production from 
CO2 has attracted significant interests in the 
recent years as pathway to mitigate the rising 
level of CO2 in the atmosphere [4,5]. The CO2 
hydrogenation to methanol provides a viable 
and sustainable approach for methanol synthe-
sis. The use of CO2 as carbon feedstock also of-
fers utilization of greenhouse gas to be convert-
ed into a value added commodity [6]. Methanol 
is thermodynamically favored product from 
CO2 hydrogenation reaction at low temperature 
and high pressure conditions [7]. At high tem-
perature, CO2 undergoes reverse water gas 
shift reaction to CO, thus reducing the selectiv-
ity towards methanol. CO can also be produced 
from decomposition of resulting methanol to 
CO.  
 
CO2 hydrogenation to methanol: 
CO2 + 3H2 → CH3OH + H2O 
∆H298 = −49.6 kJ.mol−1 (1) 
Reverse water gas shift reaction: 
CO2 + H2 → CO + H2O 
∆H298 = 41.1 kJ.mol−1 (2) 
 
Active catalysts required metal sites for hy-
drogen dissociation, C−O bond activation and 
stabilization of intermediate formate species 
during the catalytic conversion of CO2 to meth-
anol [8]. Palladium and copper have been most-
ly investigated for CO2 hydrogenation to meth-
anol, with most studies suggested the im-
portance of Pd and Cu oxidation state in en-
hancing methanol production [9-11]. Metal na-
noparticles that was highly distributed onto 
metal oxides support increased the CO2 conver-
sion to methanol [12]. Studies on Au catalyst 
for CO2 hydrogenation has been reported previ-
ously indicating the activity was strongly af-
fected by the support [13]. Au/ZnO exhibited 
high selectivity for methanol production, with 
significantly low activity towards reserves wa-
ter gas shift reaction [11]. The presence of sur-
face vacancy on ZnO also modified the charge 
state of the Au nanoparticles, consequently in-
fluenced the activity of Au/ZnO catalysts [14].  
Catalysts with high activity towards metha-
nol production can be achieved by increasing 
dispersion of nanoparticles on metal oxide sup-
port. Here in this work we investigate the in-
fluence of Au nanoparticles deposited via colloi-
dal method on different metal oxide support for 
CO2 hydrogenation to methanol. The catalytic 
performance of Au/ZnO catalyst was also com-
pared with Au/ZnO produced by impregnation.  
Au was deposited Al2O3 and Ga2O3, in order to 
elucidate the role of ZnO in enhancing metha-
nol production. 
2. Materials and Methods 
2.1 Catalysts Preparation 
Catalysts were prepared using incipient 
wetness impregnation method and sol immobi-
lization of Au colloid on ZnO. For impregna-
tion, HAuCl4 solution was added drop-wisely 
onto ZnO and the mixture was ground to form 
a paste. The paste was dried in air oven at 120 
°C followed by calcination in air at 500 °C. Cat-
alyst was also prepared using sol immobiliza-
tion method in which the Au nanoparticles 
were prepared via reduction with NaBH4 and 
using polyvinyl alcohol as nanoparticles stabi-
lizer. The resulting Au nanoparticles were de-
posited onto ZnO by reducing the pH of the so-
lution to 2 with HCl. The amount of Au metal 
deposited onto ZnO was varied at 1 %wt and 5 
wt% loading. The resulting Au/ZnO were used 
for methanol production via hydrogenation of 
CO2. The process was repeated using Al2O3 and 
Ga2O3. 
 
2.2 Catalyst Characterizations 
The structural properties of Au nanoparti-
cles were characterized using XRD, XPS, TEM, 
SEM and EDX. XRD were obtained at room 
temperature using an Enraf Nonus FR590 dif-
fractometer fitted with a hemispherical analyz-
er, using Cu-K radiation (l¼ 1.54 A) and ana-
lyzed using X-pert HighScore. X-ray photoelec-
tron spectra (XPS) were recorded using Kratos 
Axis Ultra-DLD XPS spectrometer with a mon-
ochromatic Al K source (75–150 W) and ana-
lyzer pass energies of 160 eV (for survey scans) 
or 40 eV (for detailed scans). Data were ana-
lyzed using Casa XPS software. The morpho-
logical analysis was carried out using JEOL 
2100 (LaB6) high-resolution transmission elec-
tron microscope (HRTEM) system fitted with a 
high-resolution Gatan digital camera (2k 2k) 
and a dark held HAADF/Z-contrast detector. 
Samples were suspended in DI water and ca. 1 
µL was added to the TEM grid and dried. SEM-
EDX analysis was also carried out to determine 
elemental composition of the catalysts.  
 
2.3 Catalytic Activity for CO2 Hydrogenation  
Catalytic testing for CO2 hydrogenation was 
carried out in a fixed-bed continuous-flow reac-
tor shown in Figure 1. 0.5 g of catalyst was 
placed in a stainless tube reactor and was pre-
reduced in a flow of 5 % H2/Ar gas (30 mL/min) 
for 1 h at 400 °C. The reactor was cooled to 250 
°C and a mixture of CO2 and H2 gases, (1 CO2: 
3 H2 molar ratios) was introduced with a flow 
rate of 30 mL.min−1. The pressure was in-
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creased to 20 bar using a back-pressure valve. 
All the post-reactor lines and valves were heat-
ed at 130 °C to avoid product condensation. The 
gas products were analyzed using gas chroma-
tography with (Clarus 450). Methanol was ana-
lyzed using an Elite WAX ETR column and FID 
detector. The CO2, H2, and CO gases were ana-
lyzed using Carboxen-1000 column with TCD 
detector. Reported values are given after 3 h of 
reaction under steady state unless otherwise 
stated. 
3. Results and Discussions 
3.1 Catalysts Characterizations 
All catalysts were characterized using XRD 
after drying in air and following reduction in 
H2 gas at 400 °C for 1 h. As shown in Figure 2, 
the peaks appeared at 2θ = 31.7°, 34.4°, 36.2°, 
47.5°, 56.5°, 62.8°, 66.3°, 67.9°, and 69.0° corre-
sponding to the characteristic ZnO crystal 
planes of (100), (002), (101), (102), (110), (103), 
(200), (112), and (201). The diffraction pattern 
was consistent with the hexagonal phase of 
ZnO (JCPDS No. 79-2205). Closed observation 
on the diffraction angle region between 37°–46° 
revealed the diffraction pattern of Au nanopar-
ticles after drying at 120 °C. The Au(111) peak 
appeared as a small hump centered at 38.5° in-
dicating the presence of high dispersed Au na-
noparticles on ZnO [15]. XRD analysis of 
Au/Al2O3 showed the broad peaks appeared at 
37° (311), 46° (400), 62° (511) and 66° (440) cor-
responded to −Al2O3 (JCPDS no 50-0741). 
XRD analysis of Au/Ga2O3 showed the peaks 
corresponded to –Ga2O3 (JCPDS no. 76-0573). 
The Au peak at 38.8° in Au/Al2O3 and 
Au/Ga2O3 was absence in the XRD due to the 
overlapping of Au peak with the metal oxides 
diffraction peaks. 
Figure 3 showed the XRD analysis of 
Au/ZnO within 37°–46° in order to clearly indi-
cate the presence of Au nanoparticles. Follow-
ing reduction at 400 °C, the peak associated to 
Au(111) crystalline plane showed an increase 
in intensity with a sharp peak appeared at 
38.8°. A small peak appeared at 39.6° which in-
dicates the formation of AuZn alloy [16,17]. Re-
Figure 1. Reactor diagram for CO2 hydrogena-
tion reaction. 
Figure 2. X-ray diffractogram of 5% Au/ZnO, 
5% Au/Ga2O3 and 5% Au/Al2O3 catalysts pre-
pared using sol immobilization 30(401), 
31(002). 
Figure 3. Closed observation on the diffraction 
patterns within 37°–46° of ZnO (–), 5% Au/ZnO 
dried at 120 °C (–), and 5% Au/ZnO reduced in 
H2 gas at 400 °C (–). 
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duction of Au/ZnO at 400 °C reduced the ZnO 
within Au perimeter via hydrogen atom spill 
over. The Zn was migrated onto Au surface to 
form AuZn alloy.  
To obtain further understanding into sur-
face characteristic of Au/ZnO, X-ray photoelec-
tron spectroscopy (XPS) was applied to exam-
ine the chemical state and surface composition.  
The XPS spectra of 5% Au/ZnO following reduc-
tion in hydrogen at 400 °C was compared to the 
fresh catalyst after drying in air at 120 °C. The 
spectra was calibrated to the C 1s signal at 
284.8 eV. Figure 4a showed the XP spectra of 
Zn L3M24M24 Auger electron, with peak associ-
ated to ZnO at 988.5 eV was observed. No sig-
nificant differences between the catalysts be-
fore reduction and after annealing in hydrogen 
gas at 400 °C. Although the formation of AuZn 
alloy was observed from XRD, the negligible 
evident of Zn alloying in XPS signal due to the 
domination of zinc oxide on the surface of the 
catalyst. Studies on the changes in Zn 
L3M24M24 Auger spectra for PdZn alloy showed 
the Zn alloy signal appeared as a shoulder 
Figure 4. XPS analysis of 5% Au/ZnO i. dried at 120 °C and ii. Reduced in H2 at 400 °C; a. XPS Zn 
LMM Auger electron spectra; b. XPS Zn 2p3/2 spectra and c. XPS Au 4f spectra. 
Figure 5. TEM image (a) and SEM-EDX analysis of 5% Au/ZnO catalyst (b). 
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peak at 991 eV that reflect the changes in the 
M (valence) levels of Zn [10]. This observation 
was negligible in 5% Au/ZnO, an in relation to 
the XRD data, the Au was predominantly exist-
ed as Au monometallic. The Zn 3p3/2 spectra al-
so showed similar observation as the Zn 
L3M24M24 signal, that only peaks associated to 
ZnO were observed at 1022 eV and 1045 eV. 
XPS Au 4f spectra of 5% Au/ZnO showed peaks 
of Zn 3p3/2 and Zn 3p1/2 (at 89 and 91.9 eV, re-
spectively) overlapping to the two-distinct spin–
orbit pairs 4f5/2 at 88eV and 4f7/2 84.4eV corre-
sponding to Au0, which further confirms the for-
mation of Au0 NPs [18]. There were no significant 
differences between the drying and annealing 
treatment in hydrogen of the XPS Au 4f spectra 
of 5% Au/ZnO. 
TEM was applied to characterize the mor-
phology of the catalysts, and especially to gain 
the particle size distribution of Au nanoparti-
cles. The catalyst was reduced at 400 °C in hy-
drogen flow for 1 h prior to analysis. Surface 
morphology of 5% Au/ZnO was also analyzed 
using Scanning Electron Microscopy (SEM) and 
the elemental composition was determined us-
ing energy-dispersive X-ray (EDX) analysis 
techniques. Figure 5 showed the TEM image of 
5 Au %wt of supported ZnO. The average parti-
cle size was obtained by measuring the diame-
ter of Au nanoparticles in ten different TEM 
images of the catalyst. Au nanoparticles were 
evenly distributed on the ZnO support with av-
erage diameter of 3.5 nm. The SEM-EDX anal-
ysis shown in Figure 5b identified the presence 
of Au nanoparticles on ZnO support with ele-
mental analysis carried out by EDX indicates 
the presence of 4.88 %wt of Au. 
 
3.2 Catalytic Activity 
CO2 hydrogenation reaction was carried 
out on the catalysts under the flow of 
3H2:1CO2 gasses mixtures with N2 was used as 
internal standard. The conversion of CO2 was 
calculated for every 30 minutes of reaction by 
sampling the outlet gas via online gas chroma-
tography analysis. In this study the reaction 
was kept at 250 °C based on our previous work 
on CO2 hydrogenation on PdZn catalysts that 
indicated the optimum reaction condition was 
achieved at 250 °C and 20 bar [10,12,19,20]. 
The reaction was carried out for 13 h to study 
the stability of the 5% Au/ZnO catalyst in the 
presence of resulting water at high tempera-
ture and pressure. Catalytic reaction was eval-
uated at 20 bar of pressure, in which the condi-
tion was relatively mild in comparison to the 
industrial application for methanol production, 
normally required pressure at 50 bar. The acti-
vation of CO2 required temperature at more 
than 200 °C, however increasing the tempera-
ture may also increase the formation of CO due 
to reverse water gas shift reaction [21]. Control 
experiment was conducted on blank reactor 
and on ZnO only as catalysts. For both condi-
tions, only traces amount of CO and methanol 
were detected that were less than 0.1% conver-
sion.  
The calculated CH3OH and CO productions 
were plotted against reaction time as shown in 
Figure 6. The production of methanol and CO 
were fluctuated at the beginning of the reac-
tion before reached steady state at 3 h. The 
catalyst showed stable activity with the pro-
duction of methanol was determined at ~144.9 
mmol/kg.h during 13 h of reaction. CO was also 
produced at 56.3 mmol/kg.h which was at 
much slower rate than methanol. The for-
mation of methanol and CO indicated that Au 
nanoparticles deposited on ZnO via sol immobi-
lization was active to drive CO2 hydrogenation 
reaction at mild reaction condition. The cata-
lyst produced 4% of CO2 conversion with selec-
tivity towards methanol reached 72%, and CO 
was produced at 28% of selectivity. The cata-
lyst was stable towards deactivation for 13 h of 
reaction with no traces of methane was detect-
ed. The results were in contrast to Au/Al2O3 
catalysts that exhibited ~98% selectivity to me-
thane, and also Au/Ga2O3 with 100% selectivity 
to CO (Table 1). Methane was formed from CO2 
methanation reaction in the presence of moder-
ate basic catalysts, such as: Na-Y [22] and 
Al2O3 [23]. CO2 underwent two C−O dissocia-
tions to form carbon atom, and further hydro-
genated to produce methane. The use of Ga2O3 
Figure 6. Plot of methanol and CO productivi-
ty over 13 h of CO2 hydrogenation reaction at 
20 bar and 250 °C using 5% Au/ZnO prepared 
via sol immobilization. 
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as support was suggested to prevent stabiliza-
tion of formate as intermediate species during 
CO2 hydrogenation reaction, therefore resulting 
in further decomposition to CO. 
 
CO2 methanation reaction: 
CO2 + 4H2 → CH4 + H2O 
∆H298 = −165 kJ mol−1 (3) 
 
The formation of AuZn alloy as evidenced 
from XRD analysis was suggested play the role 
of active center in methanol production. The 
segregation of Zn from ZnO to form AuZn alloy 
during reduction at 400 °C created surface va-
cancy on ZnO. CO2 adsorbed on ZnO surface 
vacancy to form formate intermediates [24]. 
Formate can be stabilized for further hydro-
genation to methanol, or decomposed to form 
CO and H2O. Although, currently there is no 
spectroscopy studies to show the stabilization 
of formate on AuZn alloy, the nature of formate 
to form bidentate formation on the metal sur-
face via two oxygen atoms was suggested to be 
stabilized by AuZn alloy species. The low coor-
dinated Au atom that was able to stabilize CO 
molecules was also decreased with the for-
mation of AuZn alloy, thus limiting the reverse 
water gas shift reaction [16]. 
The activity of Au/ZnO catalyst was also in-
vestigated by reducing the amount of Au load-
ing to only 1 %wt. The catalyst was prepared 
using similar sol immobilization method. The 
catalytic performance of 1 %wt. Au/ZnO was 
carried out at similar reaction conditions with 
the results were summarized in Table 1. The 
CO2 conversion was significantly reduced in 
comparison to 5%/Au/ZnO with only 1.8% of 
CO2 conversion. The selectivity of methanol 
however was approximately similar at ~79% 
with total production of methanol was ~66.7 
mmol/kg.h. Variation of Au weight loading on 
ZnO metal oxide support revealed the im-
portance of Au nanoparticles to provide active 
sites for CO2 hydrogenation reaction. Increas-
ing the Au loading enhanced the number of 
sites for CO2 activation and hydrogenation and 
therefore improved the CO2 conversion and 
methanol productivity. It is also interesting to 
see that the Au catalyst produced via sol immo-
bilization regardless of the metal weight load-
ing showed comparable selectivity towards 
methanol production. The catalytic perfor-
mance of Au nanoparticles via sol immobiliza-
tion was also compared to the 1 %wt. Au/ZnO 
catalyst that was prepared using incipient wet-
ness impregnation method (Table 1). The 
Au/ZnO produced using impregnation method 
appeared less active with only 0.9% of CO2 con-
version. The selectivity towards methanol was 
also reduced to only 39% to give 16.5 
mmol/kg.h of methanol. The selectivity of CO 
was significantly higher on Au/ZnO produced 
via impregnation and dominating the catalytic 




Au nanoparticles deposited on ZnO support 
via colloidal method showed high selectivity to-
wards methanol at mild reaction conditions. 
Reduction of Au/ZnO at 400 °C produced AuZn 
alloy responsible for CO2 hydrogenation to 
methanol. Au showed a narrow size distribu-
tion on ZnO to give 3.5 nm of average nanopar-
ticles size. Increasing the Au weight loading 
from 1% to 5% on ZnO significantly enhanced 
CO2 conversion and methanol production, alt-
hough the selectivity towards methanol is re-
mained similar regardless of the amount of Au 
loading.  High selectivity of methanol was ob-
served on Au catalysts produced from colloidal 
method meanwhile impregnation of Au pro-
duced catalyst that favored CO production. 
High selectivity towards methane on Au/Al2O3 
and CO on Au/Ga2O3 indicated the important of 
















1%Au/ZnO CMa 1.8±0.2 79 20 0 66.7 16.8 0 
1%Au/ZnO IMb 0.9±0.1 39 60 0 16.5 25.3 0 
5%Au/ZnO CMa 4.3±0.2 72 28 0 144.9 56.3 0 
5%Au/Al203 CMa 2.2±0.2 0 3.8 96.2 0 23.5 596 
5%Au/Ga2O3 CMa 0.5±0.1 0 100 0 0 27.0 0 
Table 1. Catalytic performance of 5% Au/ZnO, 5% Au/Al2O3, 5% Au/Ga2O3 and 1% Au/ZnO prepared 
using sol immobilization; and 1% Au/ZnO prepared using impregnation method on CO2 hydrogenation 
reaction at 20 bar and 250 °C. 
aColloidal method; bImpregnation method. 
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sults suggested Au nanoparticles on ZnO sup-
port with uniform size and distribution were 
obtained from colloidal method, produced high-
ly selective catalysts towards methanol at mild 
reaction conditions.  
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